We measured the sensitivity of macaque ganglion cells to luminance and chromatic sinusoidal modulation. Phasic ganglion cells of the magnocellular pathway (M-pathway) were the more sensitive to luminance modulation, and tonic ganglion cells of the parvocellular pathway (P-pathway) were more sensitive to chromatic modulation. With decreasing retinal illuminance, phasic ganglion cells' temporal sensitivity to luminance modulation changed in a manner that paralleled psychophysical data. The same was true for tonic cells and chromatic modulation. Taken together, the data suggest strongly that the cells of the M-pathway form the physiological substrate for detection of luminance modulation and the cells of the P-pathway the substrate for detection of chromatic modulation.
INTRODUCTION
If the luminance of a stimulus is modulated in time, sensitivity of the human observer is maximal at approximately 10 Hz.", 2 For chromatic modulation between two lights matched in luminance by heterochromatic flicker photometry, sensitivity is maximal at a low frequency and falls off at frequencies greater than 5 Hz.1-3 Such differences in temporal characteristics led to the proposal that separable psychophysical mechanisms are involved in the detection of chromatic and luminance modulations. 4 In the visual pathway of the primate, there exist two main cell systems. The parvocellular pathway (P-pathway) contains tonic wavelength-opponent retinal ganglion cells that project to the parvocellular layers of the lateral geniculate nucleus. The majority of P-pathway cells receive antagonistic input from medium-wavelength-sensitive (M) and long-wavelength-sensitive (L) cones. The minority receive input from short-wavelength-sensitive (S) cones opposed by some combination of M and L cones. Phasic, nonopponent ganglion cells project to the magnocellular (M-pathway) layers of the geniculate nucleus.5'1 0 M-pathway cells receive combined input from M and L cones to both center and surround.
Although both M-pathway and P-pathway cells are responsive to both luminance and chromatic modulations, previous research suggests strongly that the M-pathway forms the physiological substrate of heterochromatic flicker photometry. 1 These cells are relatively unresponsive to chromatic modulation at equal luminance but may display a residual frequency-doubled response attributed to a nonlinearity of M-and L-cone summation.' 2 With luminance modulation, M-pathway cells are much more responsive than are P-pathway cells, whereas P-pathway cells are the more sensitive to chromatic modulation.' 3 -7 This differential sensitivity led to the proposal that the mechanisms responsible for psychophysical detection of luminance and chromatic modulations have as a physiological substrate the M-pathway and the P-pathway, respectively. 7 "1 8 Additional evidence for this hypothesis may be gained by showing that, on changing stimulus conditions, each pathway shows alterations in sensitivity that parallel the psychophysical changes observed. For example, the effect of decreasing retinal illuminance level is different for luminance and chromatic modulation. 3 For luminance modulation, there is a loss of sensitivity only at high temporal frequencies, the contrast-sensitivity function becoming more low pass in shape. For chromatic modulation, contrast sensitivity at all frequencies diminishes with decreasing retinal illuminance. In the experiments reported here, we measured the sensitivity of M-pathway and P-pathway cells to luminance and chromatic modulations at retinal illuminances between 2 and 2000 trolands (Td) and found results consistent with the hypothesis that, under most conditions, M-pathway and P-pathway cells underlie the detection of luminance and chromatic modulations, respectively.
Temporal-contrast-sensitivity functions can be used to derive impulse-response functions, either by assuming some sort of filter model or by numerical methods. 3 "1 9 Such analyses can predict phase. Psychophysically phase is indeterminate, but the phase of a cell response is measurable directly. We assess this approach in terms of its ability to describe the phase of the cell responses.
METHODS
Ganglion-cell activity was recorded from the retinas of juvenile macaques (Macaca fascicularis). After initial intramuscular injection of ketamine, anesthesia was maintained with halothane or isofluorane in a 70%:30% N 2 0:0 2 mixture (1-2% during surgery and 0.2-1% during recording). Local anesthetic was applied to points of surgical intervention. The electroencephalogram and the electrocardiogram were continuously monitored as a control for anesthetic depth. Muscular relaxation was maintained by intravenous infusion of gallamine triethiodide (5 mg/kg/h) together with approximately 3 mL/h of dextrose Ringer. End-tidal PCO 2 was kept near 4% by adjusting the rate and depth of ventilation, and body temperature was maintained near 37.5 deg.
A contact lens with the internal radius matched to the corneal curvature was used to focus the eye on a backprojection tangent screen that was 57 cm from the animal. The screen was used for mapping receptive fields and for projecting stimuli for cell classification. Positions of the fovea and the optic disk were ascertained with the aid of a fundus camera. Clarity of the optic media was checked frequently, and, if the smaller retinal vessels could no longer be recognized, recording from that eye was terminated and the second eye prepared. On completion of recording the animal was sacrificed with an overdose of barbiturate.
Details of the recording technique and the cell classification are given elsewhere.' 7 Briefly, after extracellular activity of a ganglion cell was isolated, the cell type was determined by using flashed spots. Cell responses to stimuli of different, equiluminous colors were then recorded as an aid to cell classification. We recorded ganglion cells from parafoveal retina, typically at eccentricities of between 3 and 10 deg.
Equipment and Calibration
Stimuli were generated in a two-channel Maxwellian-view system similar to that described elsewhere, 3 except that the light-emitting diodes used had dominant wavelengths of 553 and 636 nm, with half-widths at half-height of 18 and 23 nm, respectively. Colorimetric purity was greater than 97%. With changes in intensity achieved by frequency modulation of a constant-amplitude pulse train, a high degree of linearity is realized. Stimulus waveforms were generated by a computer (for 19.6 Hz or less, 128 values per cycle; for higher frequencies, 64 values per cycle) through 12-bit digital-to-analog converters. The image of the diodes had a diameter of approximately 3 mm in the plane of the pupil.
The two diodes were adjusted to equal luminance by using heterochromatic flicker photometry of one of the authors whose luminosity function matched closely that of the Judd observer.
2 0 We confirmed this calibration by placing the front lens of a Photo Research scanning radiometer in the plane of the pupil and comparing the luminances of the two diodes. The time-averaged chromaticity of the field was approximately 595 nm. For luminance modulation, the diodes were modulated in phase. For chromatic modulation, the diodes were modulated in counterphase. Frequencies available ranged from 0.61 to 78.1 Hz. Field stops permitted the adjustment of field size; the maximum stimulus diameter was approximately 25 deg.
Retinal illumination was measured as described by Westheimer.
2 ' In view of the smaller size of the monkey eye, one would expect retinal illuminance in the macaque to be approximately 1.7 times that in humans. 2 The macaque luminosity function has not been determined with precision, though available evidence suggests that it is similar to that of humans, 23 consistent with the resemblance between the cone pigment spectra of the two species. 24 ' 25 Individual phasic cells differ to some extent in their spectral sensitivity."",1 6 However, for all cells we used the diode luminance calibration described above, in order to parallel the behavioral situation in which chromatic modulation presumably evokes activity from a population of Mpathway cells showing some spectral sensitivity variability.
Procedure: Physiological Measurements
After isolation of a ganglion cell's activity, the cell's receptive-field location was plotted on the tangent screen, and the Maxwellian view stimulator adjusted to be centered on the pupil. The stimulator was then rotated about the pupil until its optic axis was approximately in line with the receptive field. Precise alignment of the stimulus on the receptive-field center was achieved by modulating a small spot (0.6 deg) and adjusting its position in the object plane of the optical system in order to give maximal response. In the results reported here, the spot size was then enlarged (4.6 deg) to encompass both the center and the surround of the receptive field.
The computer controlling the stimulus also averaged and stored cell responses. At each temporal frequency, activity was averaged at a range of contrasts between 1.56% and 98% in 0.15-log-unit steps, and approximately 6 sec of data were collected for each contrast level in an interleaved manner. At each level of retinal illuminance, an interleaved sequence of frequencies was used to measure the temporal-contrast-sensitivity function, one such run taking approximately 20-30 min. Neutral-density filters (Schott) were used to decrease retinal illuminance from 2000 Td to 2, 20, or 200 Td. Some minutes were permitted to elapse after changing adaptation level, which was decreased in 1-log-unit steps. Although anesthetics such as halothane have been reported to delay dark adaptation, 2 6 our adaptation levels provided, at most, a 1% bleach, so that kinetic effects on pigment regeneration can be neglected.
Cell responses were stored with a resolution of 32 or 64 bins per cycle (the former at frequencies of greater than 19.8 Hz) and Fourier analyzed, and measures of cell sensitivity were derived as described below.
Procedure: Psychophysical Measurements
To provide psychophysical data at a comparable retinal lo- 
RESULTS
We measured cell responses at several levels of retinal illuminance. We first describe the methods adopted to analyze responses and measure cell sensitivity and how resulting temporal-contrast-sensitivity curves were derived. We then attempted to relate these data to detection thresholds. Cells were classified as belonging to the parvocellular or magnocellular systems by using a battery of tests, not just on the time course of responses. These included measurement of achromatic contrast sensitivity and responses to alterations between a white field and equal-luminance lights of different dominant wavelengths. Since we recorded from ganglion cells, it might be argued that our classification of cells into phasic and tonic did not necessarily correspond to membership of the M-pathway or P-pathway. We are, however, confident that this was the case. The visual stimuli used in cell classification have previously proven effective in distinguishing between cells of the parvocellular and magnocellular layers of the lateral geniculate nucleus. , 27 We will refer here to cells putatively belonging to the M-pathway as phasic ganglion cells and cells belonging to the Ppathway as tonic ganglion cells. The terms M-pathway and P-pathway will be used for discussing the properties of these two cell systems as a whole.
Measurement of Cell Sensitivity
Under each condition, cell responses were recorded at a series of different contrasts, the amplitude of these responses then being derived from a Fourier analysis of peristimulus time histograms. Typical examples of the relationship be- Modulation was calculated as for Michelson contrast as described in the methods section. Solid curves indicate Naka-Rushton functions fitted by using leastsquares nonlinear regression, provided that a criterion of 10 impulses/sec was exceeded. They describe the data satisfactorily. Diode Modulation (%) Luminance Contrast (% ) Fig. 2 . First-and second-harmonic components of phasic on-center cell response at two frequencies: A, chromatic-modulation function; B, luminance-modulation function. In the former case, the second harmonic is dominant; in the latter, the first harmonic. Solid curves are Naka-Rushton fitted curves.
cell for luminance modulation and for a tonic cell for chromatic and luminance modulation. It should be noted that, for luminance modulation, luminance contrast is the abscissa, while for chromatic modulation physical contrast, in terms of modulation of each diode, is used. Three temporal frequencies are displayed for each condition. Naka and Rushton 2 8 showed that the Michaelis-Menten function with an exponent of unity can be used to describe the radiance-response functions of individual neurons. Kaplan and Shapley 2 9 found responses of M-pathway and Ppathway cells as a function of luminance contrast to be well fitted by this function. We also found that this function fitted our measurements well at all temporal frequencies and for both luminance and chromatic modulation. Since a first-harmonic amplitude of 0-4 impulses/sec was typically present in the absence of stimulation, curves were made to originate at 2 impulses/sec, so that the function used was
where c is contrast, Rm is maximal response, and b is the contrast evoking a half-maximal response. Curves were fitted on the basis of Eq. (1) by using a least-squares criterion and are drawn in each case. The curves provide a reasonable description; both R,, and b vary with frequency. Provided that the first harmonic reached a criterion level of 10 impulses/sec, such a curve was fitted for each cell and condition. In approximately 80% of cases (n = 1345) 95% or more of variance could be accounted for by using this fitting procedure, exceptions largely being instances for which responses were weak.
For the phasic cell ( Fig. 1A ) at 9.8 and 39.1 Hz, response amplitude rises steeply initially but then tends toward an asymptote. Responses are much weaker at low frequencies.
For tonic cells, less response saturation was observed' 3 ' 2 9 (Fig. B) . Temporal-contrast-sensitivity curves for chromatic modulation were low pass, and, for luminance modulation, they were bandpass; this difference can be seen on comparing the temporal frequencies shown in Fig. B . With luminance modulation at 1.22 Hz the criterion of 10 impulses/sec was not reached. For responses to chromatic modulation in phasic cells, second-harmonic responses were of significant amplitude relative to the response at the fundamental frequency. In Fig. 2 we compare the relationship between these two components on the modulation for one such cell. For chromatic modulation, at both 1.22 and 9.76 Hz the second-harmonic component is larger; such responses at twice the modulation frequency may be attributable to a nonlinearity of M-and Lcone summation. ' 2 For comparison, we show also the firstand second-harmonic components to luminance modulation. At 1.22 Hz little second harmonic is present, whereas at 9.8 Hz it becomes significant only a higher contrasts, and examination of the original peristimulus time histograms suggests that it was associated with distortion of the fundamental rather than a frequency-doubled response per se. Curves were fitted in the same way as for Fig. 1 and provided a reasonable account of the data. It should be noted that the magnitude of frequency-doubled responses is directly related to the IM -LI cone-excitation difference and that the responses are thus vigorous for the red-green modulation used here. For chromatic modulation along a tritanopic confusion line, they are absent.' 2 We would stress that the harmonic composition of responses of phasic cells to chromatic modulation was variable, although significant second-harmonic components were always present for the pair of wavelengths used here.' 2 We observed some cells for which the second-harmonic component was dominant at only some frequencies, or for which the ratio of first-to second-harmonic components varied with contrast. For some cells, the first-harmonic component was substantial at all frequencies. This variability may originate from two sources (at least). First, the surround mechanism of phasic cells may exhibit opponency at
Phasic Cells B low temporal frequencies, 3 0 resulting in a response at the fundamental frequency. Second, there is some variability in spectral sensitivity among phasic cells, which may be attributable to a variation in the weighting of M-and L-cone inputs."', 3 ' Such variation would also lead to variation in the relative magnitude of first-and second-harmonic components. In averaging phasic-cell sensitivities to chromatic modulation, we used the component with the higher value.
A 20-impulses/sec modulation in firing (i.e., 10-impulses/ sec first-harmonic amplitude) has been used elsewhere' 7 as a measure of cell sensitivity. This cell response corresponds to 4-10 times the amplitude of the first Fourier component obtained on analysis of maintained activity. Instead of sensitivity estimates obtained by direct extrapolation from the data,' 7 curves fitted as for Fig. 1 Frequency (Hz ) Fig. 3 . Sensitivity of ganglion cells to luminance modulation, expressed in terms of amplitude sensitivity [4000/(Lm£ -Lmin)] and Michelson contrast sensitivity and contrast gain, as a function of frequency at four retinal illuminances: A, phasic cells; B, tonic cells. Sensitivity was estimated from the modulation required to evoke a 20-impulses/sec modulation, that is, 10-impulses/sec in first harmonic. In the upper panels, a value of unity (100) represents a modulation amplitude at criterion of 4000 Td (peak to peak). In the lower panels, sensitivity is expressed as the luminance contrast required to reach the criterion and also as contrast gain; this is the slope of the initial segment of the curves in Fig. 1 . Note that retinal illuminance in the monkey eye is probably approximately 1.7 times the values quoted here. Means and standard deviations were derived from usually at least 10, and always at least 5, cells. All cells measured under a given condition were included. Tonic cells rarely responded to luminance modulation at 2 or 20 Td (imp, impulses). input, and data from these groups have been combined. Figure 3 compares the sensitivity to luminance modulation of phasic and tonic cells at four levels of retinal illuminance. In the top panels amplitude sensitivity has been used as the ordinate (points + 1 standard deviation) and in the lower panels luminance contrast sensitivity and contrast gain have been used.
In all phasic cells at low frequencies, sensitivity remained similar or showed a small increase as retinal illuminance was decreased. However, sensitivity to higher frequencies decreased, and curves became more low pass in shape, so that in the amplitude plots the descending limbs of the curves tend to superimpose. It is noteworthy that at 200 and 2000 Td cells responded to frequencies (as high as 80 Hz) substantially in excess of flicker-fusion frequencies observed psychophysically under similar conditions.
For tonic cells, luminance-modulation responses could be evoked at 200 and 2000 Td, although sensitivity was much lower than for phasic cells. The response of tonic cells to achromatic modulation at 2 and 20 Td was weak, only 2 of 9 cells tested reaching criterion at 100% luminance modulation. At 200 and 2000 Td, tonic-cell sensitivity remained low at first and then increased to a maximum at 10-20 Hz. This characteristic has been attributed to a center-surround latency difference. 32 ' 33 At low frequencies, the opponent mechanisms are activated in phase and cancel each other; at high frequencies a phase delay is present, and the vector sum of the opponent signals, which is now no longer in precise antiphase, results in a more vigorous response.
Estimates of sensitivity to chromatic modulation are shown in Fig. 4 . The top panels show amplitude sensitivity and the lower panels modulation sensitivity and gain, expressed in terms of diode modulation. For tonic cells, sensitivity to chromatic modulation is little attenuated at low temporal frequencies, producing a low-pass characteristic. With chromatic modulation the opponent mechanisms act synergistically, and a small phase delay between their signals does not much affect the response, at least up to 20 Hz. With decreasing retinal illuminance, a progressive decrease in sensitivity occurs, and there is an accompanying decrease in the maximum frequency that evokes a response. It is again noteworthy that cells responded to chromatic modulation as high as 40 Hz at 2000 Td, which is a much higher frequency than can be observed psychophysically under these conditions. Sensitivity of phasic cells to chromatic modulation is also shown. Phasic-cell sensitivity to chromatic modulation was lower than that of tonic cells and resembled in shape their temporal-contrast-sensitivity curves to luminance modulation. 12 Data are shown for 200 and 2000 Td; at lower retinal illuminance, frequency-doubled responses were small or absent. 12 We noted in some phasic ganglion cells a response to chromatic modulation at 2 Td that might be attributable to rod intrusion. 
Psychophysical Measurements in the Parafovea
Although much variation in psychophysical data with retinal eccentricity can be unified by taking the cortical magnification factor into account, 3 4 variation in modulation sensitivity with eccentricity may not be simply explicable on this basis. 3 536 Since detection thresholds in the fovea depend on stimulus size, 3 it is uncertain to which foveal diameter a 4.6-deg stimulus in the parafovea best corresponds and whether the same scaling factor is appropriate for luminance and chromatic modulation. To provide psychophysical data at eccentricities comparable with those of the cellular measurements, we determined temporal-contrast-sensitivity functions, shown in Fig. 5 , with a 4.6-deg spot centered 5 deg into the peripheral retina. In the two top panels, amplitude sensitivity is plotted against frequency for luminance and chromatic modulation, and in the two lower panels the data have been replotted in terms of modulation sensitivity. For luminance modulation, these parafoveal data resemble those reported for 2-deg stimuli in the fovea. 3 With decreasing retinal illuminance, functions become more low pass. In the case of chromatic modulation, as with foveal data, sensitivity functions are low pass in shape. Modulation sensitivity decreases with decreasing illuminance, but the effect is less marked than with 2-deg fields viewed foveally, 3 and the results resemble more closely the human 0.5-deg data. A notch in the descending limb of the curve, seen at 10-20 Hz with foveal viewing, is also visible (arrow) in the parafoveal data presented here.
Comparison of Physiological and Psychophysical

Measurements
For luminance modulation, contrast-sensitivity curves for phasic cells clearly resemble the psychophysical data. In both, the bandpass character visible at 2000 Td became progressively more low pass as retinal illuminance was decreased. Tonic-cell sensitivity to chromatic modulation also resembles psychophysical data. Both sets of curves are predominantly low pass in shape, and the sensitivity decreases with the retinal illuminance level. However, this decrease is less rapid in the psychophysical than the physiological data. For both comparisons, cell cutoff frequencies are higher than with psychophysical curves.
A modulation in firing of approximately 20 impulses/sec has been observed at contrast levels near the detection threshold for a human observer.' 7 However, comparisons between psychophysical and physiological data are made difficult by uncertainties in relating cell sensitivities to human detection thresholds. Partly to avoid assumptions regarding so-called thresholds, one may employ another measure, contrast gain, to describe cell sensitivity. 3 To compare human and cell sensitivities, we calculated their ratio. Such ratios are thus relative values, which make no assumption concerning cell thresholds. Figure 6A shows relative sensitivities for luminance modulation. Sensitivity ratios for phasic cells are clearly lower than those for tonic cells. At 200 and 2000 Td this is so by a factor of 2-10, and this factor would become larger as retinal illuminance decreased further, because few tonic cells responded to luminance modulation at 2 or 20 Td. Up to 20 Hz, adaptive behavior and temporal-frequency tuning of phasic cells resemble psychophysical data in that there is relatively little change in ratio with frequency or adaptation level. These data are consistent with phasic cells' forming the physiological substrate for detection of luminance modulation. Figure 6B shows a similar comparison for chromatic modulation. For tonic cells, the sensitivity ratio remains constant until approximately 5 Hz with similar ratios (approximately unity) as with phasic cells and luminance modulation. These data are consistent with the detection of chromatic modulation having the tonic, P-pathway as its physiological substrate at these frequencies.
From Fig. 6B it can be seen that the ratio of sensitivity to the chromatic modulation for phasic cells is higher than that for tonic cells at a low frequency but decreases until, near 10 Hz, the sensitivity ratio is approximately unity. Such ratios would be consistent with the participation of phasic cells in detection at and greater than this frequency. It has been suggested that the notch in psychophysical chromatic-modulation-sensitivity functions between 10 and 20 Hz is due to intrusion of a luminance mechanism into chromatic-modulation detection, 3 and so cells of the M-pathway may form the substrate for this effect. Psychophysically, the intruding mechanism has the temporal characteristic of that supporting luminance-modulation detection.
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3 From Figs. 3 and 4 the temporal-contrast sensitivity curves of phasic cells can be seen to be similar for luminance and chromatic modulation. Those points for which a luminance mechanism may mediate detection have been drawn in parentheses in Fig.   6B .
For phasic cells and luminance modulation, minor but systematic variability was observed as temporal frequency was increased to 20 Hz. This was associated with small differences in optimal temporal frequency between cell and psychophysical sensitivities. However, at greater than 20 Hz, a much more striking discrepancy develops because, at 200 and 2000 Td phasic ganglion cells responded to frequencies well above flicker-fusion frequency of human subjects.
The sensitivity ratio thus falls steeply with similar ratios at all retinal illuminances, consistent with the hypothesis that some central mechanism, with properties independent of retinal illuminance, is acting on cell responses in limiting temporal resolution. In an attempt to define this mechanism, we show the characteristic of a fourth-order filter in Fig. 6A . The filter had a corner frequency of 20 Hz and would account for the steep fall in sensitivity frequencies at greater than this value. As retinal illuminance was decreased to 20 and then to 2 Td, the cutoff frequency of phasic cells and human subjects became similar. The results thus suggest that the limit of temporal resolution to luminance modulation is set at central or peripheral levels depending on retinal illuminance.
In the case of chromatic modulation, sensitivity of tonic cells to chromatic modulation at 2 Td was low in comparison with the psychophysical data. The reason for this discrepancy is unclear. A more striking difference was present at frequencies of greater than 5 Hz at all levels of illuminance.
As can be seen from Fig. 5 , tonic ganglion cells were able to respond to as much as 40 Hz (at 2000 Td), implying that, as in the case of phasic cells and luminance flicker, some central mechanism acts to make high-frequency signals in the P-pathway unavailable for use in detection. The possibility that phasic cells participate in detection of chromatic modulation near 10 Hz complicates comparison of P-pathway and psychophysical sensitivity. Chromatic modulation is seen as color alternation at less than 10-15 Hz. 37 On the assumption that this reflects the cutoff frequency for a central filter,
we have drawn in Fig. 6B a filter characteristic, as in Fig. 6A , of the fourth order and with a corner frequency of 10 Hz. We propose that the action of such a filter on tonic-cell signals reveals intrusion of the M-pathway into chromatic modulation detection at a high retinal illuminance. Several possible central mechanisms could limit the temporal resolution of ganglion-cell signals. For example, central, presumably cortical, neurons may integrate incoming impulses over a finite time period. An alternative possibility is that, owing to intercell variability in the response phase, their averaged signal, summed by some central detection mechanism, is only weakly modulated. To examine this possibility, we analyze response phase at different temporal frequencies in Fig. 7 . Figures 7A and 7B show, respectively, response phase of phasic ganglion cells to luminance modulation and tonic ganglion cells to chromatic modulation as a function of temporal frequency, plotted relative to physical modulation of the diodes. Phasic ganglion cells tend to respond with a phase advance in comparison with tonic ganglion cells. 32 On-and off-center phasic cells respond to luminance modulation with a 180-deg phase difference, and this applies also to the responses of +L -M and +M -L tonic cells to chromatic modulation.
With increasing temporal frequency, an increasing phase delay of the response is apparent. Variability between cells is similar in Figs. 7A and 7B , making an explanation in terms of phase variability unlikely. To provide a more quantitative analysis, we calculated the degree of attenuation that might be expected from phase scatter.
If mean response phase at a given frequency is , we assume that among the cell population response phase is normally distributed about this value but that the response R of all cells is identical. For a given cell with response phase 0 + , there will be a response component at 0 of R cos 0. The orthogonal component, R sin 0, will be canceled by another member of the population with response phase 0 -0. For different angular standard deviations, we calculated the resulting attenuation of R by integrating over the normal distribution.
For the phasic cells in Fig. 7A , for less than 19.6 Hz, the phase standard deviation varied between 5 and 20 deg. Hz (mean of +M -L and +L -M cells). Again, these degrees of variability are inadequate to account for the decrease in the sensitivity ratio observed. The response phase of tonic cells to luminance modulation, shown in Fig. 7C , becomes variable as the frequency is increased. 3 2 This can be described in terms of a vector model in which a center-surround latency difference is present. The latter figure would correspond to approximately 45% attenuation of the summed signal, a further indication that summed signals in the P-pathway are an unsuitable substrate for detection of achromatic modulation.
The phase of the second-harmonic response of phasic cells to chromatic modulation is shown in Fig. 7D . The phase of response of on-and off-center cells is similar and changes more rapidly than that for luminance modulation. It might be expected that phase should change at twice the rate as in Fig. 7A , but inspection shows a somewhat greater phase change than this.
Cell Sensitivity and Response Phase Psychophysical studies of temporal modulation have often used linear systems analysis to describe sensitivity curves. 3 8 It is possible to predict the response phase and the impulseresponse functions from such curves, 3 "1 9 if it is assumed that the system behaves as a minimum phase filter. We begin here such an analysis of ganglion-cell behavior. Although it is possible to use linear analysis to model cell behavior in terms of center and surround components, as has been done for cat ganglion cells, 39 in what follows we do not consider center and surround separately. We made predictions of response phase based on data from individual ganglion cells rather than their average sensitivities. Sensitivity functions and phase of response are shown in Fig. 8 for a phasic ganglion cell and luminance modulation, a red-on ganglion cell for chromatic modulation, and a red-on ganglion cell for luminance modulation. Sensitivity curves resemble the averaged data shown in Figs. 3 and 4. Phase relative to diode modulation is plotted as a function of temporal frequency in the lower panels. As in Fig. 7 , at low temporal frequencies the phasic cell responded in a manner that was somewhat phase advanced relative to the tonic cells. With increasing temporal frequency, response phase lags to an increasing extent. As illuminance is decreased, the phase curves are displaced downward, indicating an additional phase delay. Such a phase delay with decreasing luminance has been postulated to account for stereo-depth effects if a neutral-density filter is placed before one eye. 40 ' 41 It has been described in cat ganglion cells, 39 and Fig. 8 shows it also to be present in those of the monkey.
Response phase and impulse-response functions were derived from the sensitivity data of Fig. 8.19 Impulse response functions so produced begin immediately after the pulse.
Measured responses to flashes showed a time delay before the firing rate rises to greater than the maintained level. This will also produce a phase delay, proportional to temporal frequency, and has to be taken into account for comparing predicted and measured response phase. From flash responses of a sample of phasic and tonic cells, we found the delay to the beginning of the response to be approximately 20 msec at all illuminances. We therefore assumed for all cells of Fig. 8 that a fixed time delay of 20 msec was present at the beginning of the impulse-response function. We corrected measured response phase to allow for this delay. The resulting values are compared with the predicted curves in Fig. 9 . To facilitate comparison, we plotted in the lower panels the deviations between measured and predicted values.
The predicted curves show some irregularities, primarily because of noise in the sensitivity data. The fit between the measured and the predicted values is reasonable, although for luminance modulation a small but consistent overestimate of the phase lag is present at 2 and 20 Td. No consistent deviations appear with increasing frequency or decreasing retinal illuminance, indicating that a fixed delay of 20 msec was a reasonable approximation. A similar analysis was carried out on two other phasic and two other tonic ganglion cells with similar results.
The agreement shown in Fig. 9 indicates that, to a first approximation, the ganglion cell may be treated as a linear filter. It would be predicted that the impulse-response function of phasic ganglion cells should become of longer duration with decreasing retinal illuminance. We have observed this to be the case, although detailed comparison of predicted and observed impulse-response functions have yet to be carried out.
The data of Figs. 8 and 9 indicate that change in response phase with temporal frequency arises from both the time delay of a cell's response and its action as a temporal filter. The change in response phase with decreasing retinal illuminance probably arises from a change in the time course of the response rather than a latency increase per se. It has indeed been suggested that the apparent depth effect observed with the Pulfrich pendulum may be associated with a change in time course of cell responses rather than a simple delay of signals from the filtered eye. 4 2 
DISCUSSION
Linking physiological and psychophysical data requires certain assumptions. For detection paradigms, a class A comparison 4 3 may be invoked, but the demonstration that a given cell system I is more sensitive than another, J, is not by itself sufficient to show that I forms the physiological substrate of the detection task in question. There remains the possibility that system J can contribute to detection through, for example, some kind of summation. Alternatively, activity in system I may not be utilized centrally, so that detection may be determined by system J; we have shown an example in Fig. 6 for which high-temporal-frequency signals in the P-pathway do not seem to be utilized, and detection of high-frequency chromatic modulation is determined by the M-pathway. Thus corollary evidence as to the participation (or otherwise) of each system must be sought. One way is to show that, under changing stimulus conditions, system I undergoes changes in behavior similar to that observed psychophysically, whereas system J does not. Other kinds of ancillary evidence can also be envisaged.
Here we have provided such evidence, consistent with the hypothesis that detection of luminance modulation has as a physiological substrate in the phasic, M-pathway, whereas detection of chromatic modulation has a physiological substrate in cells of the tonic, P-pathway. For luminance modulation, phasic ganglion cells form the most sensitive cell class, and their adaptive behavior resembles psychophysical data as retinal illuminance is decreased. Not only are tonic cells relatively insensitive to luminance modulation but their sensitivity falls rapidly at lower levels of retinal illuminance. Thus only the phasic, M-pathway possesses the adaptation characteristics required of a mechanism underlying luminance modulation detection. For chromatic modulation, the P-pathway is the more sensitive, and its sensitivity decreases with retinal illuminance in a way that resembles psychophysical data.
There are additional reasons why the P-pathway is unlikely to support luminance flicker detection through some kind of summation process. For chromatic modulation, at low frequencies sensitivity ratios were approximately unity, similar to phasic cells and luminance flicker. It would thus be necessary to postulate that a summation process should operate for luminance but not for chromatic modulation. This is implausible. Second, the variability in response phase of tonic cells shown in Fig. 7C would not favor such a process.
We also infer that the characteristic notch at approximately 10 Hz in chromatic-contrast-sensitivity functions is due to participation of the M-pathway in detection, owing to their response at twice the modulation frequency. Sensitivity ratios found are consistent with this explanation. The disappearance of the inflection at low levels of retinal illuminance and its dependence on field size 3 also parallel the physiological results.1 2 The comparisons of Fig. 6 do illustrate some differences between physiological and psychophysical data. First, for luminance modulation up to 20 Hz there are minor differences in shape and peak frequency between M-pathway and psychophysical curves. One possible source of this difference might be that we measured sensitivity with the stimulus spot centered on the receptive field. If the receptivefield center were near the edge of the spot, some change in shape of the sensitivity function might result. A few cells whose curves were compared for these two conditions did not encourage such an explanation, however. Second, with chromatic modulation, tonic-cell sensitivity decreased with decreasing retinal illuminance rather more rapidly than with psychophysical observations on humans. Although available evidence suggests that psychophysical performance of human and macaque are similar, 2 3 ' 44 a detailed comparison is lacking. Until such data are available for the macaque, the significance of these minor inconsistencies between macaque physiology and human psychophysics is difficult to assess.
The most striking difference, revealed in Fig. 6 , is the higher cutoff frequency of macaque cells in comparison with psychophysical measurements; there is evidence that this is not a species difference. 44 For luminance modulation, it would appear that the behavioral limit of temporal resolution is set at central or peripheral levels depending on retinal illuminance. At 2000 Td, some filter later in the visual pathway presumably attenuates high-frequency components in the M-pathway signal. This attenuation increases steeply at greater than 20 Hz, as seen in the upper panel of For chromatic modulation, divergence between P-pathway and psychophysical sensitivities occurs at greater than 5 Hz, although interpretation is somewhat complicated by the probable intrusion at approximately 10 Hz of detection mediated by the M-pathway. With the filter curve shown in Fig. 6B , the sensitivity ratio rises steeply at greater than 5
Hz. Since the cutoff frequency of tonic ganglion cells usually exceeded 5 Hz, it is likely that the limit of temporal resolution for detection of chromatic modulation through the P-pathway is set primarily at a later stage than for the ganglion cell. This applies not only to red-green modulation but also to modulation along a tritanopic confusion line.1 7 It is probable that such temporal filtering of the Ppathway signal occurs not only for chromatic modulation but also under other stimulus conditions. There is some psychophysical evidence that this is the case. The critical duration for a chromatic perturbation 4 5 is similar to that found for red or blue increment thresholds on a white background, 46 implying similar temporal characteristics. We have attempted to define what kind of operation must be performed on the ganglion-cell output in order to predict psychophysical performance. However, the locus and the nature of central filters of P-pathway and M-pathway signals remain uncertain. Temporal properties of cells in the geniculate nucleus appear to be similar to retinal ganglion cells 14 "1 6 ; responses of area-17 cortical cells to temporal modulation have been little studied. In Fig. 6 , we suggest that the corner frequencies of filters acting on signals from the M-pathway and the P-pathway must differ by at least a factor of 2 (20 versus 10 Hz). Presumably, in contrast to the temporal properties of the ganglion cells themselves, time constants of central mechanisms remain independent of illuminance. There are precedents for the concept that afferent signals to the cortex are not utilized for perception. 4 8 Psychophysically, temporal processing in the visual pathway has been described in terms of linear filters by using linear systems analysis. The results presented in Figs. 8 and  9 suggest that, to a first approximation, ganglion cells themselves may be treated in this way, for we have derived reasonable predictions of response phases from sensitivity functions after adding a constant delay. It remains necessary to show that impulse-response functions of ganglion cells may be derived through transformation of their contrast-sensitivity functions. Form a physiological viewpoint, filters may operate at many stages in the visual pathway. A comparison of late receptor potential recordings and psychophysical results led to the suggestion that at least two such processes are cascaded, 4 95 0 resulting in a distributed mechanism with a time constant r longer than that of either alone. We did not make sufficient measurements to be able to estimate r precisely for the different cell classes, but its value (for phasic cells and luminance flicker) appeared to be intermediate between those calculated for the late receptor potential and for the psychophysical results. 4 9 Thus multiple sequential filters may be cascaded within the visual system.
